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Key Points:
• Momentum flux of Rosetta ion data shows the evolution of a cometary ionosphere,
including boundary regions
• Magnetic pressure is on the order of the total ion momentum flux and roughly cor-
responds with cometary ion momentum flux
• The cometary pickup ions in the solar wind ion cavity take over the role of the
solar wind ions outside the cavity
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Abstract
We calculate the momentum flux and pressure of ions measured by the Ion Composition
Analyzer (ICA) on the Rosetta mission at comet 67P/Churyumov-Gerasimenko. The
total momentum flux stays roughly constant over the mission, but the contributions of
different ion populations change depending on heliocentric distance. The magnetic pres-
sure, calculated from Rosetta magnetometer measurements, roughly corresponds with
the cometary ion momentum flux. When the spacecraft enters the solar wind ion cav-
ity, the solar wind fluxes drop drastically, while the cometary momentum flux becomes
roughly ten times the solar wind fluxes outside of the ion cavity, indicating that pickup
ions behave similarly to the solar wind ions in this region. We use electron density from
the Langmuir probe to calculate the electron pressure, which is particularly important
close to the comet nucleus where flow changes from antisunward to radially outward.
Plain Language Summary
To understand the atmosphere of a comet, we must understand how its charged
particles interact with the solar wind. Here we look at momentum flux, the amount of
momentum carried by particles flowing through a certain area, measured at the comet
67P/Churyumov-Gerasimenko by the Rosetta spacecraft. We find that the total momen-
tum flux changes the amount we would expect from the comet getting closer to the Sun.
When in the part of the atmosphere with no solar wind, the ions coming from the comet
have more momentum flux than the solar wind ions elsewhere in the comet atmosphere.
The increase matches what we expect from the comet getting closer to the Sun, which
increases the total density of the comet atmosphere. The cometary ions replace the so-
lar wind ions in the atmosphere, so the total stays the same. The magnetic field varies
with the cometary ions. We find electron pressure with measured electron data. It is higher
than the momentum flux, especially in the part of the atmosphere close to the comet nu-
cleus. This means that the atmosphere here is primarily moving outward from the comet,
while farther away from the nucleus it is mainly flowing away from the Sun.
1 Introduction
A cometary atmosphere provides an opportunity to study the interaction of an es-
caping ionosphere with the solar wind. The ionosphere is born when neutral particles,
typically volatiles such as H2O and CO2, are outgassed from the comet surface, form-
ing a coma (Nilsson, Wieser, et al., 2015). The coma is then ionized via photoionization,
charge exchange, or impact ionization (Galand et al., 2016; Wedlund et al., 2017; Her-
itier et al., 2018). The density of the ionosphere is dependent on comet activity, which
increases with decreasing heliocentric distance. This creates a highly dynamic environ-
ment with a variety of plasma interaction phenomena, particularly when ions of cometary
origin encounter the convective electric field carried by the solar wind. The Rosetta space-
craft orbited the nucleus of comet 67P/ Churyumov-Gerasimenko (67P) from August
2014 to October 2016 and observed the evolution of a cometary ionosphere and inter-
action with the solar wind through a range of heliocentric distances and activity. Pre-
vious cometary missions involved distant flybys, while Rosetta’s trajectory stayed within
a few hundred km of the nucleus, often down to few tens of km. Rosetta’s distance from
the comet nucleus did not vary much over the course of its mission, with the exception
of two “excursions”, one on the dayside and one on the nightside of the comet. Comet
activity increased as 67P drew closer to the sun, expanding the ionosphere and chang-
ing the environment Rosetta observed. In general, however, comet 67P best exemplified
solar wind interactions typical of a weak comet (Bagdonat & Motschmann, 2002; Wed-
lund et al., 2017).
The plasma forming the ionosphere at as weak comet such as 67P initially consists
of cold ions moving radially outward and fast photo-electrons with an energy of several
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eV. These ions have the velocity of the parent neutral gas, about 0.5 - 1 km/s. The faster
electrons drag the slower ions with them through ambipolar diffusion, i.e. when the elec-
trons’ lighter mass gives them a larger thermal velocity than the ions, separating the two
and creating an electric field. This electric field is believed to be a source of acceleration
for the ions (Vigren et al., 2015; Vigren & Eriksson, 2017; Bercˇicˇ et al., 2018; Odelstad
et al., 2018; Nilsson et al., 2018). Farther away from the comet nucleus, the cometary
ions can undergo a “pick-up” process, where they are accelerated by the solar wind elec-
tric field. They then begin to gyrate around the magnetic field lines. When the magnetic
field is weak, they can escape from the comet before making a full gyration (Coates, 2004).
These acceleration processes mean that there are two distinct cometary ion populations:
the weakly accelerated cold ions with a significant radial velocity component and the en-
ergetic pickup ions. Newborn ions have a large gyro radius and thus are initially accel-
erated along the electric field direction. For the ions to gain this velocity, they undergo
a momentum transfer with the solar wind, where both pickup and solar wind ions are
deflected and the solar wind is slowed down. This is known as “mass loading” and was
observed by Rosetta (Broiles et al., 2015; Behar, Nilsson, et al., 2016; Behar, Lindkvist,
et al., 2016; Volwerk et al., 2016; Glassmeier, 2017). At comet 67P, the cold cometary
ions have energies on the order of a few to a few ten eV, while the pickup ions have en-
ergies from around 100 eV to a few keV, increasing near perihelion (Nilsson, Stenberg
Wieser, et al., 2015). In addition to the cometary ions are the energetic solar wind ions,
composed primarily of H+, He+, and He2+. The energy of the solar wind ions varies by
species, with a typical proton energy of ∼ 1 keV.
For a sufficient outgassing rate, the solar wind ions will begin to undergo charge
exchange with the cometary ions at a boundary called the cometopause (Galeev et al.,
1988; Cravens, 1989). Closer to the comet nucleus, where the solar wind magnetic field
cannot penetrate into the ionosphere, a diagmagnetic cavity will also form. At comet 67P
evidence of such a diamagnetic cavity was seen several hundred times (Goetz et al., 2016;
Henri et al., 2017). The Rosetta Plasma Consortium (RPC) also saw a period of sev-
eral months inside roughly 2 AU when solar wind ions were excluded from the ionosphere
up to at least 1000 km from the comet nucleus, known as the solar wind ion cavity (Behar,
Lindkvist, et al., 2016; Mandt et al., 2016; Nilsson et al., 2017b). These different dynam-
ical regimes could be seen because Rosetta observed comet 67P for a large range of he-
liocentric distances. Hybrid interaction models show that a denser ionosphere, caused
by increasing ionization, broadens the interaction region (Wedlund et al., 2017). Thus,
while Rosetta’s position relative to the nucleus did not change much, the changing size
of the ionosphere allowed for observations of a variety of configurations and boundaries,
unlike what was previously possible with comet flyby missions.
Mass loading is fundamental for understanding cometary physics; when the solar
wind interacts with the comet, the ion pickup process dictates momentum must be trans-
ferred from the solar wind to the cometary ions. The slowing down of the solar wind also
means the magnetic field becomes draped and pile up, increasing in magnitude (Volwerk
et al., 2016; Goetz et al., 2017). Thus momentum transfer is crucial for long-term iono-
spheric evolution. Calculating momentum flux allows for study of these effects, partic-
ularly for transition regions like the solar wind ion cavity.
If the ionosphere is approximated as a one-dimensional plasma system momentum
flux should be a conserved quantity. Given that the flow direction of the solar wind and
the cometary ions is predominately antisunward (Nilsson, Stenberg Wieser, et al., 2015;
Nilsson et al., 2017b), the 1D magnetohydrodynamics continuity equation should hold
true:
∂
∂x
(
ρu2 + P +
B2
2µ0
)
= 0 (1)
Here the first term is the dynamic pressure, dependent on the bulk velocity, the second
term is the scalar plasma pressure (i.e. the sum of ion and electron pressure), and the
third term is the magnetic pressure where µ0 is the vacuum permeability. The sum of
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the dynamic and scalar pressure is equivalent to the momentum flux, i.e. the amount
of momentum carried by particles per unit area per unit time. We can compare the mo-
mentum flux and magnetic pressure calculated from Rosetta data, as the sum of the two
should be conserved for antisunward flow. Close to the comet we expect an outward ra-
dial flow of cold plasma, meaning a 1D ionospheric model is no longer appropriate. For
this reason we also examine the electron thermal pressure at an electron temperature
of 10 eV, considered to be indicative of recently ionized plasma (Eriksson et al., 2017).
Recently ionized plasma should still be expanding outward from the comet nucleus like
the neutral gas (N. J. Edberg et al., 2015; Heritier et al., 2017; Vigren & Eriksson, 2017;
Odelstad et al., 2018), so the electron thermal pressure should give an estimate of the
contribution of radial flow to the total momentum flux. Equation 1 dictates that the sum
of the cometary ion antisunward momentum flux, solar wind momentum flux, and mag-
netic pressure should remain roughly constant so that momentum is conserved in the x
direction.
2 Instrument Description
The data used in this study comes from the Ion Composition Analyzer (ICA), Lang-
muir probes (LAP), Mutual Impedance Probe (MIP) and magnetometer (MAG) in the
RPC. ICA is an ion mass spectrometer able to distinguish between ion masses of 1, 2,
4, 8, 16, and 32 amu per elementary charge (Nilsson et al., 2007). The instrument is ca-
pable of measuring ions in the energy range of a few eV to 40 keV per charge for pos-
itively charged ions and has an energy resolution of approximately 7%. The instrument
field of view is divided into 16 azimuthal anode sectors, each with a field of view of 22.5◦×
4◦. The instrument has an additional 16 elevation angles ranging ±45◦ from the central
viewing plane. Due to spacecraft obstructions, the total field of view is approximately
2pi sr. A complete scan through all elevation angles and energies is done every 192 s. The
data we used as input for our moment calculations is in the ESA Planetary Science Archive
(PSA) as L4 PHYS MASS, containing differential flux for each species.
The plasma density measurements used derive from the LAP and MIP instruments.
LAP obtains electron number density, spacecraft potential, and electron temperature from
two spherical Langmuir probes (Eriksson et al., 2007, 2017). The probes are mounted
on booms protruding from the spacecraft, but ion and electron measurements can still
be affected by the spacecraft potential, found to be ∼ −5−−10V throughout the mis-
sion (Odelstad et al., 2017). An independent electron density measurement is obtained
by MIP (Trotignon et al., 2007; Henri et al., 2017). Compared to LAP, MIP densities
typically have higher accuracy but less time resolution, less dynamic range, and coarser
quantization. Several data products combining the data from these two instruments await
publication in PSA. We here use the low time resolution data set known as NED, avail-
able from AMDA (Jacquey et al., 2010). This data set uses running calibrations of the
LAP spacecraft potential, available throughout the mission, to MIP density values, thus
combining large dynamic range and wide time coverage with good accuracy.
Finally, we use data from MAG, made of two triaxial fluxgate magnetometers mounted
on a 1.5 m boom. MAG has a maximum magnetic field vector sample rate of 20 vectors
per second with a resolution of 31 pT. Because the spacecraft had a high level of mag-
netic noise pollution, uncertainties of the magnetic field measurements can be up to the
order of a few nT. (Glassmeier et al., 2007; Goetz et al., 2016; Richter et al., 2019).
3 Methods
3.1 Ion moment calculations
To determine the momentum flux throughout the duration of the Rosetta mission,
we calculate the second order ion moment, the momentum flux tensor, which after sub-
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traction of the bulk flow momentum flux components gives the pressure tensor. Each par-
ticle species detected by ICA can be represented using a distribution function in phase
space: f(v), where v = (vx, vy, vz) represents the particle’s velocity. The distribution
function can be written in terms of the measured differential number flux and energy:
f(v) =
m2
2E
j(E,Ω)
where m is the mass of the particle, E is the particle energy, and the differential num-
ber flux j is a function of energy and solid angle Ω (Fra¨nz et al., 2006; Nilsson et al., 2007).
For the purposes of this paper, the ions detected by ICA are split into solar wind ions
(H+, He2+, and He+) and cometary ions. These heavy cometary ions are assumed to be
largely water ions with a mass of 18 amu (Nilsson, Stenberg Wieser, et al., 2015).
The ion moments for each species can be described using a tensor of order k:
Mk =
∫
v
vk f(v) d3v
where k = 0 gives number density, k = 1 gives velocity, and k = 2 gives the momen-
tum flux tensor used here. Number density and velocity have been calculated for the Rosetta
mission in Nilsson et al. (2017b). The momentum flux components below are the diag-
onal elements of the tensor, as the off-diagonal elements are typically negligible. Ther-
mal pressure is then the momentum flux minus the dynamic pressure (Fra¨nz et al., 2006).
To transform the flux expressions from the instrument angular coordinates to the Carte-
sian cometocentric solar equatorial (CSEQ) reference frame, we need the sines and cosines
of the angles defining instrument pointing (θ and φ) with respect to the CSEQ basis vec-
tors as shown below. In CSEQ coordinates x points towards the Sun, z is the compo-
nent of the Sun’s north pole orthogonal to the x axis, and y completes the right handed
system.
ΦPxx = m
∑
E,φ,θ jvx cos
2 θ cosφ ∆E∆φ∆θ (2)
ΦPyy = m
∑
E,φ,θ jvy cos
2 θ sinφ ∆E∆φ∆θ (3)
ΦPzz = m
∑
E,φ,θ jvz cos θ sin θ ∆E∆φ∆θ (4)
Px = ΦPxx −mu2xn (5)
Py = ΦPyy −mu2yn (6)
Pz = ΦPzz −mu2zn (7)
Here ΦPii represent the diagonal components of the momentum flux tensor and Pi
the diagonal components of the ion pressure tensor. The total thermal pressure P is the
mean of the three Pi values and ui is the bulk flow velocity, i.e. the first order moment.
The magnitude of the momentum flux can be compared to the magnetic pressure from
1 using the magnetic field magnitude from MAG. This allows us to compare where in
the comet ionosphere the various ion groups, i.e. the momentum flux of the cometary
ions ΦPC and solar wind momentum flux ΦPSW , as well as the in situ magnetic field,
carry the majority of the momentum.
We also calculate the momentum flux of the upstream solar wind for comparison
to the ICA data. To do so, we first obtain the density and velocity of the undisturbed
solar wind near 1 AU from NASA/GSFC’s OMNI data set through OMNIWeb, taken
by the Advanced Composition Explorer (ACE) and Wind spacecraft. The density of the
solar wind given by OMNI is scaled by 1/r2 and both density and velocity are time shifted
to the location of comet 67P (Vennerstrom et al., 2003; Opitz et al., 2009; N. Edberg et
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al., 2010; Behar, 2018). The solar wind ion flow is supersonic so its momentum flux is
almost entirely due to the ion bulk flow:
ΦPsw = nimiv
2
i (8)
From equation 5, ΦPxx will be the sum of the dynamic pressure and the ion ther-
mal pressure ΦPxx = Pdyn + Pion, so we can rewrite equation 1 as
∂
∂x
(
ΦPxx + Pe +
B2
2µ0
)
= 0 (9)
where Pe is the electron pressure such that P = Pion+Pe and Pion has been included
in the momentum flux term. However, Pe cannot be absorbed into the momentum flux
term as ICA only detects ions, and so it must be found separately. Thus our 1D MHD
approximation also requires knowing the electron pressure.
3.2 Lower energy plasma
While ICA can, in principle, detect ions down to 0 eV due to low spacecraft po-
tentials of < −5 V for most of the mission (Odelstad et al., 2017), determining the mo-
ments of these cold ions is difficult. Despite good observations, angular coverage for these
low energies is limited. The geometric factor of the instrument additionally is different
at very low energies. Modeling of the spacecraft and instrument shows that distortion
of the instrument FOV and sensitivity are dependent on spacecraft potential (Bergman,
Stenberg Wieser, et al., 2020; Bergman, Wieser, et al., 2020). Due to these effects, we
do not use ICA data here to estimate momentum flux of ions with energies of only a few
eV. However, estimating the contribution of this cold plasma to the dynamics of the iono-
sphere is necessary, as it is estimated to have a density of roughly 102−103 cm−3, about
two orders of magnitude higher than the average accelerated water ion number density
(Nilsson et al., 2017b, 2017a). Instead we find thermal pressure from the LAP and MIP
instruments, for an assumed Te = 10 eV (Eriksson et al., 2017). This temperature is
consistent with photoelectron temperatures found in both the RPC Ion and Electron Sen-
sor (IES) data and ionospheric modeling (Galand et al., 2016; Madanian et al., 2016).
Since Te is about an order of magnitude larger than Ti, we only calculate the electron
thermal pressure, as the sum of the electron and ion thermal pressures would be expected
to be roughly equal to the electron thermal pressure. We expect the electron pressure
to be important primarily close to the nucleus, since as stated above it represents weakly
accelerated plasma moving radially outward.
4 Results
Figure 1(a) shows the ICA ion momentum flux magnitude for cometary and solar
wind ions, electron thermal pressure at 10 eV, and magnetic pressure for the entirety of
the Rosetta spacecraft orbiting the nucleus of 67P. Panel (c) shows radial distance of the
spacecraft from the comet in km and the heliocentric distance in AU. The full dataset
is quite noisy, making trends difficult to see. In order to better understand the long-term
behavior of the ions, we therefore averaged the data every 12 hours, roughly the rota-
tion period of the comet nucleus. This allows us to smooth the data significantly, as well
as removing trends related to features on the surface of the comet, which can vary in their
outgassing rates (La¨uter et al., 2018) and are not of interest here. However, there is still
significant scatter even after averaging over every 12 hours, so we include a line show-
ing the running median value with a 30 day window to indicate trends on the scale of
cometary activity evolution. The median was chosen over the mean due to the wide scat-
ter and number of outliers. These two methods of smoothing the data allow us to ex-
amine the changes in total momentum flux relative to heliocentric distance. The energy
table for ICA was changed at the end of 2014, so previous energies for cometary ions had
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Figure 1. Contributions to the total pressure for the time period of Rosetta orbiting the
comet nucleus. In panel (a) red indicates solar wind ions, blue cometary ions, yellow electron
pressure, and purple magnetic pressure, with solid lines indicating a running median value. The
black solid line is a median value for the sum of all the components. All are in units of N/m2.
Panel (b) shows the ratio of the x components of the cometary (blue) and solar wind (red) mo-
mentum flux to the cylindrical components in CSEQ coordinates with a line for the running
median. Panel (c) shows the spacecraft distance from the comet nucleus, with the two excursions
visible in October 2015 and April 2016. The blue dashed-dotted line is the heliocentric distance.
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an uncertainty of about 10 eV (Nilsson, Stenberg Wieser, et al., 2015). The instrument
was also run sparsely in the beginning of the mission, giving poor statistics. Therefore
the values before the end of 2014 have larger uncertainties.
The most prominent feature in Figure 1 is the solar wind ion cavity from mid-April
2015 to December 2015. Comet activity increased enough near perihelion for the cometary
atmosphere to present a significant obstacle to the solar wind in the region where the
spacecraft orbited. As a result, only cometary ions were detected (Behar et al., 2017).
The transition between the region of both solar wind and cometary ion detections to solely
cometary ion detections is clearly visible, with momentum flux rapidly decreasing for the
solar wind ions and increasing for the cometary ions. While the ICA cometary ion en-
ergy is lower than the energy of the solar wind outside the cavity, the increased density
of the cometary ions in the cavity leads to the cometary ion momentum flux exceeding
the solar wind momentum flux seen before April 2015 and after January 2016. When the
momentum flux is scaled according to the square of heliocentric distance from the comet,
the cometary momentum flux at perihelion differs from the solar wind momentum flux
outside the solar wind ion cavity by less than an order of magnitude, indicating this in-
crease is largely due to higher comet activity near perihelion. The various observations
of the diamagnetic cavity, where the magnetic field is not observed, are not visible in this
data set due to the data averaging, which eliminates small-scale features.
The electron pressure is often the largest contributor to the total, with the excep-
tion of in the solar wind ion cavity. In the solar wind ion cavity, when the cometary ion
density is the highest, the electron pressure is roughly equal to the cometary ion momen-
tum flux. Towards the end of the mission, when the spacecraft is closest to the nucleus,
the electron pressure becomes nearly two orders of magnitude larger than all other con-
tributors to the total momentum flux, including magnetic pressure. The magnetic pres-
sure seen in Figure 1(a) typically follows the cometary ion or solar wind momentum flux
rather than the electron pressure. The increase of the magnetic pressure in the solar wind
ion cavity occurs when the magnetic field strength increases with mass loading and de-
flection of the solar wind. Solar wind deflection increases with decreasing heliocentric
distance (Behar, Lindkvist, et al., 2016), causing a subsequent increase in magnetic pres-
sure. Interestingly, the magnetic pressure varies with the momentum flux on shorter timescales,
including in the solar wind ion cavity where it varies with the cometary ions (e.g. April-
July 2016). Changes in the magnetic field corresponding to changes in ion velocity dur-
ing the dayside excursion have been noted previously in Volwerk et al. (2019), but no
conclusions were drawn on the cause of this covariance.
As the direction of the momentum flux is important for mass loading, Figure 1(b)
shows the ratio of momentum flux for solar wind and cometary ions split into CSEQ com-
ponents x and cylindrical, where ΦPcyl =
√
Φ2Pyy + Φ
2
Pzz. The x component of the mo-
mentum flux for both solar wind and cometary ions is directed antisunward (negative
x) for the vast majority of the mission. Here we show the log of the absolute value of the
ratio, since the ratio is almost always negative with very few exceptions. The ratio in
panel (b) shows that the solar wind is almost always primarily in the negative x direc-
tion, i.e. the absolute value of the ratio is greater than one. For the cometary ions, there
is more variation. For larger heliocentric distances and thus less cometary activity, the
cylindrical component can be larger than the x component. There is a particularly large
dip in the ratio when the spacecraft made its nightside excursion in April 2016. In this
excursion, the spacecraft moved up to 1000 km away from the nucleus in the shadow of
the comet. Panel (b) shows that in this region the cometary ions are no longer moving
in an antisunward direction. This may be worthy of a future, more in-depth study. A
similar decrease is seen at the end of the mission when the spacecraft is very close to the
comet. This change is expected, as the ionosphere transitions to a mostly-radial flow at
these small distances (Heritier et al., 2017; Bercˇicˇ et al., 2018). However, the ratio is greater
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Figure 2. Panel (a) shows the ratio of Rosetta momentum flux to the undisturbed solar wind
momentum flux retrieved from OMNIWeb and scaled to the location of 67P. Blue shows the sum
of solar wind ions, cometary ions, and magnetic pressure, while red also includes electron pres-
sure. The solid blue and red lines are running median values and the black line is a reference of
the ratio = 1. Panel (b) shows the distance of the spacecraft to the comet nucleus and the comet
to the Sun.
than one for the majority of the solar wind ion cavity, showing that the cometary ion
momentum flux in this part of the ionosphere is most similar to that of the solar wind.
In Figure 2(a) we compare the momentum flux seen by Rosetta with the solar wind
momentum flux outside of the cometary ionosphere. Because the electrons seen by LAP
lack a strong antisunward component (N. J. Edberg et al., 2015; Eriksson et al., 2017),
we plot the ratio of the sum of the ion, magnetic, and electron pressures in red and sum
of ion and magnetic pressures in blue to the OMNI momentum flux. The ratio between
the Rosetta total pressure both with and without electron pressure and the undisturbed
solar wind momentum flux does not change much over the mission, indicating that the
change in total momentum flux seen by Rosetta is largely due to heliocentric distance.
Particularly for the case without electron pressure (blue), the ratio remains close to one
for the duration of the mission. The electron pressure adds additional momentum flux
relative to the OMNI data at the end of the mission during the same time period when
it dominates the total momentum pressure. The large amount of scatter in the data is
likely because the solar wind ions at Rosetta undergoes charge exchange with the neu-
trals, as well as compression and rarefaction due to mass loading (Behar, Lindkvist, et
al., 2016; Volwerk et al., 2016).
–9–
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5 Discussion and Conclusions
The data show that the momentum flux changes consistently with heliocentric dis-
tance for the portion of the comet ionosphere seen by Rosetta, with magnitudes of ∼ 10−10 − 10−9 N/m2
with an increase near comet periapsis, even through varying rates of comet activity and
solar wind conditions. This implies that the pickup cometary ions take up the bulk of
the antisunward momentum flux in the ionosphere in the solar wind ion cavity, where
high densities lead to an increase in the momentum flux, as would be expected in a mass
loading scenario. While solar wind ions are absent in the solar wind ion cavity, the mag-
netic field is still present and shows a clear contribution to the total momentum flux, in
addition to varying with the cometary ions. On either side of the solar wind ion cavity,
seen in early 2015 and early 2016, the momentum flux of the solar wind and cometary
ions are roughly equal, unlike at the beginning and end of the mission, where the solar
wind ion momentum flux dominates over the pickup ions. It is known that Rosetta ob-
served multiple boundary regions throughout its mission (Mandt et al., 2016); the data
here shows evidence of the ionosphere transitioning from being solar wind origin ion dom-
inant to cometary origin ion dominant near perihelion.
However, while there is a transition region, the roughly constant total momentum
flux indicates that the solar wind ion cavity is not a significant boundary in terms of en-
ergy input into the ionosphere system. Thus while the solar wind ion cavity plays an im-
portant role in the relative contributions of the different ion populations, it does not sig-
nificantly change the fundamental momentum budget. It is possible that this is because
the solar wind ion cavity is not a barrier to the solar wind magnetic field or electrons,
which in fact shows an increase in magnetic pressure (see purple line in Figure 1(a)) much
like the cometary ion momentum flux. This illustrates Equation 1, showing that the mo-
mentum flux does indeed remain roughly constant.
We also conclude that the pickup ions (i.e. those seen by ICA) essentially replace
the solar wind ions in the solar wind ion cavity. Figure 1(b) shows that the pickup ions’
flux vector components in the ion cavity are similar to the solar wind, with their anti-
sunward momentum flux becoming greater than that of the solar wind ions before and
after the solar wind ion cavity. Therefore these ions have been accelerated so that they
now move similarly to solar wind ions, rather than radially away from the nucleus. Ad-
ditionally, the ratio of the Rosetta momentum flux to OMNI momentum flux seen in Fig-
ure 2 remains roughly constant, with a median value around 1, showing that the cometary
ions are able to maintain a consistent level of momentum flux even without the presence
of solar wind ions. This is as expected, as the presence of a region where the solar wind
is excluded implies a high enough pressure, or momentum flux, to create a balance. The
pickup ions behaving similarly to solar wind ions is further supported by Masunaga et
al. (2019), which shows evidence of cometary ions both outside and inside the diamag-
netic cavity having a flow direction consistent with deflection, i.e. opposite to the direc-
tion of the solar wind electric field, indicating mass loading.
An additional transition region is seen after the solar wind ion cavity, where the
electron pressure dominates the total momentum flux, including the magnetic pressure,
by almost two orders of magnitude. These high electron pressure values occur when Rosetta
is close to the nucleus (Figure 1). Here we do not expect local momentum balance to the
upstream solar wind as in equation 1, as we are inside an expanding and escaping iono-
spheric plasma. Furthermore, we may note that our assumed electron temperature of
10 eV may sometimes be an overestimate, as a large fraction of the electrons have been
cooled to . 0.1 eV (Eriksson et al., 2017; Gilet et al., 2017). While there is a suprather-
mal electron population seen by IES, this is evidently much lower density and so likely
does not change the average temperature much for this approximation (Madanian et al.,
2016). Much of the apparent Pe increase in summer 2016 could be due to such an over-
estimation of Te. It is clear that the electron pressure merits a dedicated investigation
outside the scope of this paper, possibly also including higher energy electrons, which
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can contribute significantly to total pressure even if their density is low (Mandt et al.,
2016).
In conclusion, studying momentum flux gives insight into the overall dynamics of
the comet 67P ionosphere as measured by Rosetta due to its importance in mass load-
ing and ion pickup. We see that generally the solar wind ions carry the bulk of the an-
tisunward momentum, while radially flowing cold plasma contribute the most to the to-
tal. In the solar wind ion cavity, a transition occurs, where magnetic pressure increases
and cometary pickup ions have momentum flux similar to the mass-loaded solar wind
in heliocentric distance scaled magnitude. The direction of the cometary momentum flux
in the solar wind ion cavity is antisunward, also like that of the solar wind. Thus in the
solar wind ion cavity, the mass loaded pickup ions behave like the solar wind ions ob-
served at lower levels of comet activity. The magnetic pressure and cometary ion mo-
mentum flux appear to covary. Despite this transition, the total pressure of the portion
of the ionosphere Rosetta observed appears to vary mainly with heliocentric distance,
so this boundary is not a significant barrier for momentum input. In the latter half of
the mission, LAP data shows an electron pressure multiple orders of magnitude larger
than all other components to the total pressure. Therefore close to the comet nucleus
the mass-loaded solar wind, pickup ions, and magnetic field are less important for iono-
spheric dynamics than the cold plasma flowing in the direction of neutral outgassing. Be-
cause of its long term mission, Rosetta was able to observe various dynamical regimes
in the ionosphere of comet 67P, and this is reflected in the changing contributions of var-
ious components to the total pressure balance. As predicted by the magnetohydrody-
namics continuity equation, the sum of the pressure and momentum flux components
varies only with comet activity, not region of the ionosphere, indicating a conserved quan-
tity.
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